Src, the canonical member of the non-receptor family of tyrosine kinases, is deregulated in numerous cancers, including colon and breast cancers. In addition to its effects on cell proliferation and motility, Src is often considered as an inhibitor of apoptosis, although this remains controversial. Thus, whether the ability of Src to generate malignancies relies on an intrinsic aptitude to inhibit apoptosis or requires preexistent resistance to apoptosis remains somewhat elusive. Here, using mouse fibroblasts transformed with v-Src as a model, we show that the observed Src-dependent resistance to cell death relies on Src ability to inhibit the mitochondrial pathway of apoptosis by specifically increasing the degradation rate of the BH3-only protein Bik. This effect relies on the activation of the Ras-Raf-Mek1/2-Erk1/2 pathway, and on the phosphorylation of Bik on Thr124, driving Bik ubiquitylation on Lys33 and subsequent degradation by the proteasome. Importantly, in a set of human cancer cells with Src-, Kras-or BRAF-dependent activation of Erk1/2, resistances to staurosporine or thapsigargin were also shown to depend on Bik degradation rate via a similar mechanism. These results suggest that Bik could be a rate-limiting factor for apoptosis induction of tumor cells exhibiting deregulated Erk1/2 signaling, which may provide new opportunities for cancer therapies.
c-src is the founding member of the Src family of tyrosine kinases. Within the cell, these kinases act on a multiplicity of pathways that regulate proliferation, survival, motility and adhesion. At the molecular level, a variety of mechanisms are involved, including phosphorylation of numerous substrates on tyrosyl residues, as well as activation of the Ras/mitogenactivated protein kinase (MAPK), PI3K/Akt and STAT3-dependent signaling pathways. 1 The viral isoforms, including v-Src, of Src-like kinases exhibit high transforming capacities. 2 In humans, c-src is deregulated in 480% of colon cancers, and may be critical for tumor progression. 3 Src levels are also high in many other cancers. Importantly, Src is activated in a number of tumors resistant to current therapies and might be a target of major therapeutic interest. 4 Src, as a number of proteins with oncogenic potential such as Myc, E2F-1, Ras or c-Jun, can induce the paradoxical outcomes of cell multiplication, senescence or apoptosis, depending on the cellular context. [5] [6] [7] [8] Apoptosis activation by Src seems to rely on several mechanisms; Src can stimulate c-myc expression, 9 leading to the activation of p19-ARF and p53; 10 it may also depend on E2F-1. 11 On the other hand, a number of reports support the opposing view that Src could inhibit apoptosis by downregulating proapoptotic genes 12 or upregulating anti-apoptotic genes. [13] [14] [15] [16] In addition, Src is a potent activator of the PI3K/Akt pathway, which protects against pro-apoptotic stimuli via the phosphorylation and inactivation of death accelerators such as Bad, Bax and caspase-9. [17] [18] [19] Src-dependent activation of p38-MAPK similarly leads to the phosphorylation of caspases-8 and -3. 20 However, from these reports, it was unclear whether or not the ability of Src to generate malignancies in mammals required preexistent resistance to cell death, and therefore depended on a cooperation between oncogenes and antiapoptotic proteins as observed for Myc and Bcl-2. Another possibility was that Src might also directly inhibit apoptosis, as observed in avian cells. 13 Here, on the basis of experiments performed in both whole cells and isolated mitochondria, we report that Src-transformation increased resistance of mouse fibroblasts to cell death as the direct consequence of the accelerated degradation of the pro-apoptotic protein Bik by the proteasome. Importantly, this mechanism resulting from the phosphorylation of Bik by the extracellular signal-related kinase (Erk)1/2 kinase was also shown to occur in human cancer cells with deregulated Erk1/2 activity, possibly opening up new therapeutic avenues.
Results

v-src-transformed
NIH-3T3 cells are apoptosis resistant. 3T3 cells transformed by a temperature-sensitive v-Src mutant were used to study the effects of Src expression on apoptosis sensitivity in mammalian cells. We found that vsrc-transformed 3T3 cells (but not cells grown at 39.5 1C) were strongly resistant to a variety of apoptosis inducers such as UV, etoposide, staurosporine and thapsigargin ( Figure 1a and Supplementary Figure S1A ). To gain further insight into the mechanisms underlying this resistance to apoptosis, we assessed the concentration of recombinant tBid required to release cyt-c from isolated mitochondria. 21 This tBid concentration was much higher when using mitochondria from v-src-transformed cells (20 nM) than from non-transformed cells (7.5 nM), an effect that disappeared when mitochondria came from v-src-transformed cells grown at 39.5 1C (Figure 1b and Supplementary Figure S1B ).
Src increases the threshold for Bax activation. Above results suggested that Src might inhibit the Bax/Bak activation cascade. This was checked both in cellulo and in vitro. Bax translocation and activation on staurosporine treatment were observed in control cells but not in v-srctransformed cells (Supplementary Figure S1C) . In vitro, incubation with 10 nM tBid for 15 min triggered Bax insertion in control mitochondria but not in mitochondria isolated from v-src-transformed cells (Supplementary Figure S1D) , although tBid bound normally to these mitochondria (Supplementary Figure S1E) and tBid-induced cyt-c release depended on Bax activation (Supplementary Figure S1F) . Differential centrifugation was used for cell fractionation. Each experiment was repeated at least twice. Mitochondrial Hsp70 and a-tubulin were used as loading controls for mitochondrial fractions and 10 000 Â g supernatants (10 000 g SN), respectively (loading 100 mg proteins). Whole cell lysates from HeLa (Bcl-w), BP3 (Bfl1/A1), 293T (Noxa and Bmf) and WT MEF (Bak) cells were used as positive controls when proteins were undetected. (b) Apoptosis of untransformed 3T3 cells (Ctrl cells) on staurosporine, thapsigargin and etoposide treatment was compared after knockdown by shRNA of BH3-only proteins Bik, Bim, Bad and Puma. A scrambled sequence was used as a control (shCTRL). Apoptosis of untransformed 3T3 cells induced by thapsigargin or staurosporine depends significantly on Bik levels (mean ±S.D. in three independent experiments). Knockdown efficacies are shown in S2B. (c) Contributions of the BH3-only proteins expressed in 3T3 cells to the release of cyt-c were studied by incubating mitochondria from non-transformed cells silenced for bik, bad, bim or puma with increasing tBid concentrations. The tBid concentration allowing cyt-c release (*) decreased significantly when bik, but not bad, bim, puma, was silenced. In addition, ABT-737, an inhibitor of anti-apoptotic Bcl-2 proteins, 22 dramatically reduced tBid concentration required for cyt-c release and Bax activation (Figures 1c and d) . These experiments showed that the Bax-dependent cyt-c release machinery was functional in v-src-transformed cells. However, the threshold of apoptosis activation was significantly raised compared with non-transformed cells.
The decrease in Bik protein levels is responsible for the increased resistance to apoptosis of src-transformed 3T3 cells. As Bcl-2 family proteins are main regulators of Bax activation, we analyzed the levels of these proteins in transformed and non-transformed cells (Figure 2a ). Bcl-2, Bcl-X L and Mcl-1 were the only anti-apoptotic proteins to be detected. Bcl-X L and Mcl-1 concentrations were not significantly altered by v-src expression whereas Bcl-2 levels were slightly decreased. Thus, resistance to apoptosis of v-src-transformed cells was not the result of an accumulation of anti-apoptotic proteins.
Regarding pro-apoptotic proteins, Bax, but not Bak, could be detected. In v-src-transformed cells, Bax was more abundant but not activated (Supplementary Figure S1D , left two first lanes). Among the BH3-only subclass, Bid, Bim, Puma, Bad and Bik were detected. Bid and Puma levels were very similar in both cells. Bad levels were also similar, and, as expected, phosphorylated Bad was cytosolic while non-phosphorylated Bad was mitochondrial. 18 Low levels of Bim were detected, mainly at the mitochondria in untransformed cells and in the 10 000 Â g supernatant for v-src-transformed cells, a band-shift being present between both forms. In contrast, in v-src-transformed cells, Bik protein levels dropped dramatically in the 10 000 Â g supernatant, consistent with Bik preferred location in the endoplasmic reticulum (ER). 23 Two series of experiments confirmed the importance of Bik levels for apoptosis control in 3T3 cells. First, we observed that apoptosis of non-transformed cells, which exhibited high Bik protein levels, was specifically decreased on bik silencing on thapsigargin and staurosporine induction in contrast to bim, puma or bad silencing. Of note, etoposide-induced apoptosis depended on Puma (Figure 2b Immunoprecipitation of HA-tagged Bik from v-src-transformed cells treated with MG132 allowed the detection of a main specific band of about 60 kDa, which was revealed by both anti-Bik and anti-ubiquitin antibodies and that disappeared on bik silencing (Figure 3f ). In cell lysates from cells co-expressing ubiquitin-myc and HA-Bik, a similar band of 60 kDa was also revealed with anti-HA antibody following immunoprecipitation with anti-myc antibody, indicating that Bik is polyubiquitylated (Figure 3g ). The observed size of the band suggested that it might correspond to a penta-or hexaubiquitylated form of Bik.
Bik K33R mutant (but not Bik K13R) as well as the double (K13R/K33R) mutant referred to as double mutant on lysine (DMK) were stabilized in v-src-transformed cells as compared with WT-Bik ( Figure 3c ). As shown by further immunoprecipitation experiments, Bik ubiquitylation disappeared with herbimycin and with the Bik K33R and DMK mutants whereas the Bik K13R mutant was still ubiquitylated (Figure 3g) . Altogether, these results suggested that Src enhanced Bik polyubiquitylation on lysine 33 and subsequent proteasomal degradation. Src accelerates Bik degradation via the Ras-Raf-Mek1/2-Erk1/2 pathway. Next, we focused on the signaling pathway connecting Src to Bik degradation. Using Bik degradation rate as a read-out, we screened inhibitors of a variety of kinases involved in Src signaling. Among the transduction pathways expected to be stimulated by v-src-transformation, PI3K, Mek1/2, p38-MAPK, JNK and mTor pathways were activated (Supplementary Figures S3A and S3C) . However, the only compounds leading to Bik stabilization were the Mek1/2/5 inhibitor UO126 and the more specific Mek1/2 inhibitor PD184352 suggesting that only the Ras-Raf-Mek1/2-Erk1/2 pathway was involved in the enhanced degradation of Bik (Figure 4a) . Consistent with the involvement of this pathway, Bik stabilization was observed in v-src-transformed cells following Ras inhibition by the RasN17 dominant-negative mutant or following c-Raf, Mek1/2 or Erk1/2 inhibitions with pharmacological agents (Figure 4b, Supplementary Figures  S3A and S3C) . Reciprocally, overexpression of constitutively active RasV12, as well as B-RAF or c-Raf, increased Bik degradation rates in non-transformed cells (Figure 4b , Supplementary Figures S3B and S3C) .
When v-src-transformed cells were shifted from restrictive to permissive temperature, Src kinase reactivation was detected as early as 30 min. As early as 2 h, Erk1/2 activation was observed, together with the decrease in endogenous Bik levels (Figure 4c ). This experiment showed that Bik degradation was indeed under Src control through Erk1/2 activation.
Bik degradation on Erk1/2 activation and Bik accumulation on Erk1/2 inhibition were also demonstrated on endogenous Bik (Figure 4d) . Importantly, Bik accumulation on Erk1/2 inhibition correlated with increased apoptosis of v-src-transformed cells on thapsigargin or staurosporine induction. The critical role of Bik was further demonstrated by the fact that bik but not bim knockdown counteracted resensitization to death stimuli by the Erk1/2 inhibitor FR180402 (Figure 4e ).
Bik is a direct target of the Erk1/2 kinase. Next, we studied how Erk1/2 activation could lead to Bik degradation. 2D-electrophoreses were performed on extracts of transformed or non-transformed cells, both overexpressing HA-Bik. HA-Bik appeared as a single spot in control cells (isoelectric point pI 6.7), whereas a 'multispot chain' was observed in v-src-transformed cells, with apparent pIs of the additional spots corresponding to the calculated pIs of mono-, di-and tri-phosphorylated protein (Figure 5a ). These results suggested that Bik might be phosphorylated in v-srctransformed cells.
It had been previously described that human Bik and pErk1/2 interacted with one another, leading to p-Erk1/2 sequestration in the cytosol. 24 Here, we postulated that p-Erk1/2 was able to phosphorylate and drive Bik degradation. Endogenously expressed Bik was co-immunoprecipitated using a total Erk1/2 antibody (Figure 5b ). The absence of interaction when Erk1/2 activation was prevented by PD184352 (whereas this interaction was detected when Erk1/2 was activated) strongly suggested that only p-Erk1/2 might interact with Bik. As expected, the L63G Bik mutant corresponding to the human L61G Bik mutant was unable to interact with p-Erk1/2 anymore (Figure 5c ).
To identify Bik phosporylated residues, the four putative Erk1/2 phosphorylation sites (Ser or Thr in S/T.P motif) were mutated into either alanine (non-phosphorylable) or aspartate (phosphomimetic) and consequences of these mutations on Bik stability were investigated. In v-src-transformed cells, compared with WT HA-Bik and to the S42A, S76A, S130A mutants, the T124A mutant was stabilized, (Figure 5d) . Conversely, the phosphomimetic T124D mutant showed a shortened half-life in control cells. Interestingly, the mouse L63G Bik mutant unable to interact with p-Erk1/2 also exhibited a longer half-life in v-src-transformed cells. Of note, the T124A and T124D mutants both interacted with p-Erk1/2 ( Figure 5c ). These results suggested that p-Erk1/2 phosphorylated Bik T124, which led to Bik accelerated degradation.
To confirm that Bik was not phosphorylated by a downstream kinase, we performed direct in vitro kinase assays with pure p-Erk2 kinase and WT, T124A or L63G HA-Bik immunopurified from 293T cells overexpressing the p35 caspase inhibitor. Cells were grown with PD184352 to inhibit Bik endogenous phosphorylation and MG132 to promote Bik accumulation (Figure 5e ). Bik phosphorylation, detected with a phospho-Thr antibody, was revealed when both p-Erk2 and WT HA-Bik were present, while it could not be detected for the T124A and L63G mutants or in the absence of p-Erk2. In addition, HA-Bik was phosphorylated in cellulo on a threonine residue in v-src-transformed cells, and this phosphorylation was no longer observed on PD184352 treatment or for the L63G mutant (Figure 5f ).
Altogether, these results show that activated Erk1/2 docked at the N-terminus of the BH3-domain of Bik leading to phosphorylation the conserved T124 residue. This appeared to be the initial event leading to Bik degradation.
Bik T124 phosphorylation targets Bik for ubiquitylation. Finally, we investigated whether Bik ubiquitylation depended on T124 phosphorylation (Figure 5g ). Pull-down experiments of myc-tagged ubiquitin were performed as in Figure 3g . In v-src-transformed cells, the 60 kDa polyubiquitylated form of Bik remained undetectable when p-Erk1/2 was inhibited or with the L63G and T124A mutants. In control cells, Bik ubiquitylation was detected with the T124D Bik mutant or after activation of the Ras-Raf-Mek1/2-Erk1/2 pathway by RasV12. These results showed that Bik T124 phosphorylation by p-Erk1/2 triggered Bik ubiquitylation.
The Src-Ras-Raf-Mek1/2-Erk1/2 pathway also accelerates Bik degradation in human cancer cells by phosphorylating the S124 residue. To investigate whether Bik stability and apoptosis were controlled in a similar manner in human cells, we used a set of four human cancer cells with deregulated Erk1/2 activity and described as overexpressing c-Src: one lung cancer cell line (NCI-H460) and three colon carcinoma cell lines (LS174T, COLO205 and HCT116). COLO205, LS174T and NCI-H460 exhibited high Src activity (Figure 6a ). However, in COLO205 cells, full inhibition of Erk1/2 phosphorylation on PD184352 treatment compared with partial inhibition on dasatinib confirmed that BRAF, 25 and not c-Src, was the driver oncogene. In HCT116 cells, Erk1/2 activation depended on Kras and not on c-Src. 26 NCI-H460 cells harbored a Kras mutation, 27 but c-Src was the driver oncogene as shown by the inhibition of Erk1/2 activation on dasatinib treatment. Finally, LS174T cells that harbored an heterozygous Kras mutation 28 depended mainly on c-Src deregulation for Erk1/2 activation (Figure 6a) .
Then, the effects of Src or Mek1/2 inhibitions were tested on Bik or BimEL accumulation (Figure 6a ) and apoptosis as assessed by the use of shRNAs targeting Bik, Bim or both (Figures 6b and c, Supplementary Figures S4C-S4E) . BimEL was analyzed because it is phosphorylated by p-Erk1/2, which inhibits its interaction with Bax and promotes survival. 29 In NCI-H460 cells, in which Src drove Erk1/2 activation, both dasatinib and PD184352 restored high Bik levels and led to a band-shift described as unphosphorylated BimEL. 30 However, BimEL levels were low and apoptosis restored by Src or Mek1/2 inhibitors depended mainly on Bik, as in 3T3 cells. In COLO205 cells, in which BRAF drove Erk1/2 activation, Bik accumulation and Bim dephosphorylation were observed on Mek1/2 or BRAF (PLX-4720) inhibitions but not Src inhibition. Accordingly, apoptosis was restored by PD184352 or PLX-4720 but not by dasatinib and depended on Bik, Bim or both proteins (Supplementary Figure S4B for PLX-4720). In HCT116 cells, in which Erk1/2 activation depended on Kras, Mek1/2 inhibition increased Bik levels, inhibited BimEL phosphorylation and restored apoptosis in a Bik or Bim-dependent manner. Finally, in LS174T cells, dasatinib and PD184352 failed to restore normal Bik levels led to unphosphorylated BimEL accumulation and restored apoptosis. Actually, bik mRNA was not expressed in these cells (Supplementary Figure S4A) .
Whatever the mechanism, Bik protein was maintained at low levels in the four human cancer cell lines. In addition, these results suggested a conserved pathway for the regulation of Bik protein stability by Erk1/2. This was confirmed by comparing the molecular mechanisms underlying Bik degradation in NCI-H460 and HCT116 cells. Figure 5 p-Erk1/2 directly phosphorylates Bik on T124, which triggers Bik ubiquitylation and degradation. (a) Whole cell lysates of untransformed (Ctrl) and v-srctransformed cells expressing HA-Bik were analyzed by immunostaining using anti-HA antibody after 2-D gel electrophoresis. A unique spot (pI 6.7) was revealed in untransformed cells whereas additional spots (pI 6.1, 5.7, and 5.4) were present in v-src-transformed cells. pI 6.7 corresponds to the theoretical pI of non-modified HA-Bik, whereas the more acidic pIs correspond to mono, bi and tri-phosphorylated HA-Bik. (b) v-src-transformed cells were transfected with the p35 caspase inhibitor and treated with MG132 to allow endogenous Bik accumulation. When indicated PD184352 was used to block Erk1/2 activation. Total Erk1/2 was immunoprecipitated from lysates (1 : 50) and co-immunoprecipitated Bik was revealed by western-blotting. Rabbit IgG were used as negative control when indicated. (c) v-src-transformed cells were transfected with wild-type (WT) HA-Bik or the L63G mutant unable to interact with p-Erk1/2 24 or phosphomimetic (T124D) or unphosphorylable (T124A) mutant at position 124. p-Erk1/2 was immunoprecipitated from these cells and interaction with Bik was revealed by anti-HA western-blotting. Bik but not the L63G mutant interacted with p-Erk1/2. (d) The stability of mutants of putative phosphorylation sites by p-Erk1/2 (S/T.P motif) was measured as in Figure 3b . Unphosphorylable Bik mutants (S/T4A) at positions 42, 76, 124 and 130 and the L63G mutant were expressed in v-src-transformed cells. Only the T124A and L63G mutants exhibited increased stability in v-src-transformed cells. Phosphomimetic mutants at the above positions were also expressed in control cells: only the T124D mutant displayed here exhibited decreased stability in control cells. (e) p-Erk1/2 in vitro kinase assay. WT, T124A or L63G HA-Bik mutants and the p35 caspase inhibitor were overexpressed in 293T cells grown with MG132 to allow Bik accumulation and PD184352 to inhibit Bik endogenous phosphorylation. Bik, immunopurified with HA-antibodies, was incubated for 1 h at 37 1C with 100U of p-Erk2 and phosphorylation was revealed by anti-phospho-threonine western blotting. MBP phosphorylation was used as a positive control and the absence of phosphorylation of WT Bik in the absence of p-Erk2 was used as a negative control. p-Erk2 directly phosphorylated Bik and T124A and L63G mutations abolished this phosphorylation. (f) Bik endogenous phosphorylation by p-Erk1/2 was investigated: WT-and L63G HA-Bik were immunoprecipitated from v-src-transformed cells or untransformed cells and analyzed by anti-phospho-threonine western blotting. Bik is phosphorylated on Thr in v-src-transformed cells but not in 3T3 cells or when Erk1/2 activation or p-Erk1/2 interaction with L63G-Bik is prevented. (g) Ubiquitylation of Bik mutants on the T124 phosphorylation site was investigated as described in Figure 3g . Bik ubiquitylation was only detected in conditions allowing or mimicking Bik T124 phosphorylation Three human Bik mutants were generated: the phosphomimetic (S124D) and unphosphorylable (S124A) mutants of the conserved phosphorylation site and the L61G mutant, unable to interact with p-Erk1/2. 24 S124A and L61G mutations restored Bik stability as well as Erk1/2 inhibition by FR180204 (Figure 6d) . Moreover, FR180204 failed to stabilize the S124D mutant, showing that phosphorylation of S124 by p-Erk1/2 was the signal triggering Bik degradation. Proteasome inhibition by bortezomib (Velcade) led to Bik protein stabilization. As expected, Src inhibition led to Bik stabilization in NCI-H460 but not in HCT116 cells.
Altogether, these results point to a pivotal role played by Bik in the induction of apoptosis induced by staurosporine and thapsigargin in transformed human cells with deregulated Erk1/2 signaling.
Discussion
Bik, a suspected tumor suppressor, as a target of Src in mouse and human cancer cells. In this study, we show that, in both mouse and human cells, Src enhances resistance to a number of death stimuli by accelerating the degradation of Bik, the first BH3-only protein to be identified. 31 Bik is able to trigger typical apoptotic events such as Bax oligomerization, cyt-c release from mitochondria, caspase 3 activation, chromatin condensation and degradation. These results are consistent with the hypothesis that bik might be a tumor suppressor. 23 Indeed, loss of bik gene expression has been observed in renal cell carcinoma and bik is deleted in 22% of colorectal cancer cases. Figure 3b . These results show that phosphorylation of human Bik on the S124 residue by p-Erk1/2 stimulates Bik degradation Erk1/2 drives Bik to degradation by the proteasome. A limited number of instances described the involvement of the proteasome in the control of Bik turnover. [32] [33] [34] However, so far, the upstream regulatory mechanisms have remained elusive. Here, we demonstrate that Src triggers Bik phosphorylation via the Ras-Raf-Mek1/2-Erk1/2 cascade, which targets Bik for ubiquitylation and proteasomal degradation. Moreover, our data indicate that this mechanism is conserved in human cancer cells. Of note, the four human cancer cell lines used in this study exhibit Bik deficiency. Although bik gene expression is turned-off in LS174T cells, the drop in Bik protein levels results from Erk1/2 activation as a consequence of Kras constitutive activation in HCT116 cells, BRAF mutation in COLO205 and c-Src deregulation in NCI-H460. 26 Of note, although the contribution of Bik downregulation to the appearance of chemoresistance was previously suggested, 23 no connection with Src or Erk1/2 activation had been established to date.
Interestingly, the Bim BH3-only protein was similarly reported to be regulated by p-Erk1/2. In our hands, the two mechanisms of BimEL inhibition by p-Erk1/2 were observed. In COLO205, NCI-H460, HCT116 and v-src-transformed 3T3 cells, the p-Erk1/2-dependent phosphorylation of BimEL led to a band-shift already described 30 that correlated with its inactivation. 29 In LS174T, the p-Erk1/2-dependent phosphorylation of BimEL led to its degradation. 35 Dependence of both Bim and Bik on Erk1/2 activity led us to compare their respective contributions with apoptosis induction in human cell lines. In LS174T cells in which bik gene expression is turned-off, resistance to apoptosis depended on BimEL phosphorylation by p-Erk1/2 whereas in NCI-H460 in which BimEL expression is comparatively low, apoptosis resistance depended mainly on the p-Erk1/2 driven degradation of Bik. Interestingly, in the two other cell lines (COLO205 and HCT116), both active BimEL and Bik levels were restored on inhibition of Erk1/2 activation, while either Bim or Bik knockdown restored resistance to apoptosis.
Thus, as Erk1/2 activation may result from the deregulation of numerous oncogenes such as Src, Kras, Nras, BRAF, EGFR, BCR-ABL, to which tumor cells can be 'addicted', 36 the restoration of Bik or Bim protein levels by inhibiting Erk1/2 activation might be a therapeutic avenue in a number cancers with poor prognoses (Figure 7 ).
Materials and Methods
Cell culture. NIH-3T3 cell lines were cultured in Dulbecco's modified essential medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 mg/ml). Control and v-src overexpressing stable cell lines were established as previously described using a pLNCX plasmid. 37 NCI-H460, COLO205, LS174T and HCT116 cell lines were maintained in RPMI-1640 supplemented with 10% FBS, penicillin and streptomycin.
Apoptosis induction and assay. Cells were treated with either staurosporine (2 mM for 8 h), etoposide (200 mM, overnight), thapsigargin (5 mM, overnight) or UV irradiated (15 s, 15-h incubation). Then, apoptosis was assessed by the percentage of apoptotic cells with pyknotic nuclei and diffuse cyt-c staining after cyt-c immunostaining (mAb 6H2, R&D Systems (Lille, France), 1 : 1000).
Pharmacological inhibitors. Drugs were from VWR (Pessac, France): herbimycin (1 mM), MG132 (10 mM), bortezomib (1 mM), LY294002 (50 mM), rapamycin (500 nM), UO126 (5 mM), SB203580 (50 mM), SP600125 (JNK inhibitor II; 5 mM), FR184352 (5 mM) and GW5074 (5 mM); from Euromedex (Souffelweyersheim, France): PD184352/CI-1040 (10 mM), dasatinib (50 nM) and PLX-4720 (500 nM). ABT-737 and its inactive enantiomer A-793844 were obtained from Abbott Laboratories (Rungis, France) and used at 1 mM (MTA 18968). These drugs were used overnight except when otherwise indicated. In half-life experiments, cycloheximide and actinomycin D were used at 50 mg/ml and 1 mM, respectively.
Western blotting and immunofluorescence. Antibodies used in western blotting are listed in Supplementary experimental procedures. Western blots were revealed by enhanced chemiluminescence (Immobilon, Millipore, Molsheim, France) using a ChemiDoc XRS system (Bio-Rad, Marnes-la-Coquette, France). Densitometric analysis was performed using QuantityOne software (v4.6.6, Bio-Rad). Images were collected using an Axioplan 2 microscope (Carl Zeiss, Le Pecq, France) equipped with Â 40 and Â 100 objectives.
Cell fractionation and mitochondria isolation. Mitochondria were prepared as already described. 38 Briefly, cells were scraped, washed and broken (30 strokes) in cold MB buffer containing Complete protease inhibitor (Roche, Boulogne-Billancourt, France) with a 2-ml glass/glass homogenizer (Kontes, VWR). Homogenates were cleared at 1500 Â g and mitochondria were spun down at 10 000 Â g.
tBid-induced cyt-c release and Bax insertion in isolated mitochondria. This test was performed as previously described 38 using caspase-8-cleaved Bid (tBid) kindly provided by J-C Martinou (Geneva, Switzerland). Bax insertion was assessed using alkali treatment. 39 Pull-down experiments. Control and v-src-transformed NIH-3T3 cells were lysed in RIPA buffer containing complete protease inhibitor (Roche) and 1 mM PMSF. To study Bik ubiquitylation, cells transfected with ubiquitin-myc (when indicated) and HA-Bik expression vectors were treated with MG132. Lysates were incubated with 10 mg of either anti-myc or anti-HA antibodies for 16 h at 4 1C. Then, 30 ml of proteinA-Sepharose beads (Sigma, Saint Quentin-Fallavier, France) were added for 4 h at 4 1C. Beads were recovered by centrifugation, washed four-time in RIPA buffer, resuspended in Laemmli buffer and analyzed by western blotting against ubiquitin, HA or Bik in a 8% SDS-PAGE gel.
In vitro kinase assay. 293T cells were co-transfected for 24 h with HA-Bik and p35 caspase-inhibitor constructs (two 140-mm dishes per condition). Then, cells Figure 7 Bik concentration and sensitivity to apoptosis may be under Erk1/2 control in cancer cells. p-Erk1/2-dependent phosphorylation of Bik on residue 124 targets Bik for ubiquitylation, triggers its degradation by the proteasome and promotes cell survival. Bik silencing demonstrates that Bik downregulation has a crucial role in protecting cells with deregulated p-Erk1/2 against apoptosis, although other Bcl-2 family proteins are also regulated by p-Erk1/2. Erk1/2 activation is the result of the deregulation of numerous oncogenes that are activated in many types of cancers. This suggests that the above-described mechanism of apoptosis control might be of general interest in cancer biology
